ABSTRACT
INTRODUCTION
To better understand the design principles of biological systems, great efforts have been made to decipher the topological and dynamic properties of protein interaction networks (PINs; Joy et al., 2005; Zhu et al., 2007) . Perturbation propagation analysis focuses on how large concentration changes in the concentration of individual proteins cascade through the network to affect the equilibrium states of their immediate and distant neighbors. This type of approach has been applied to study the PIN of yeast Saccharomyces cerevisiae (Maslov and Ispolatov, 2007) . In addition, this type of analysis could have great potential in identifying and validating drug targets (Antal et al., 2009) ; many drug candidates failed because of the intrinsic robustness of cellular networks against perturbations (Kitano, 2007) . Despite the potential utility of perturbation propagation analysis of PINs, it is currently not possible to perform this analysis in Cytoscape, which is one of the most widely used platforms for * To whom correspondence should be addressed.
† The authors wish it to be known that, in their opinion, the first three authors should be regarded as joint First authors. molecular network investigation (Shannon et al., 2003) , not in any other available software.
To facilitate analysis of how the effects of concentration perturbations are propagated in PINs, we developed a Cytoscape plugin named PerturbationAnalyzer. In PerturbationAnalyzer, the propagation results of single or combinatorial perturbations through PINs can be explored in an intuitive and customizable way and can also be exported easily for further studies.
METHODS AND IMPLEMENTAION

Computational model and input
PerturbationAnalyzer makes use of the computational model introduced by Maslov (Maslov and Ispolatov, 2007) to calculate the perturbation propagation effects in PINs by comparing the equilibrium states before and after perturbations. The equilibrium protein interactions are computed by an iterative numerical method based on the law of mass action. A flowchart illustrating the sequence of steps and functions implemented in PerturbationAnalyzer is shown in Supplementary Figure 1 .
The non-catalytic protein interaction map and the abundance of each protein involved are needed to be loaded into PerturbationAnalyzer to perform perturbation propagation analysis. The genome-wide protein abundances of yeast (Ghaemmaghami et al., 2003) and Mouse (Petyuk et al., 2008) are now publicly available. In addition, increasingly available mass spectrometric data can also be used for the estimation of relative protein abundance (Vogel and Marcotte, 2008) . Following the work of Maslov and Ispolatov, the dissociation constant of each interaction can be conservatively calculated by the relative abundances of corresponding proteins, or simply assigned a constant, since the properties of perturbation propagation have been found to be robust to the assignment of dissociation constants in the study on the yeast PIN (Maslov and Ispolatov, 2007) .
Analysis modes and output
Two modes for the analysis of perturbation propagation are provided in PerturbationAnalyzer. The manual mode is designed for investigating changes of the equilibrium state of PINs caused by concentration perturbations. Users can select one or multiple proteins as the perturbation source and find the most perturbed neighbor proteins after simulating propagation effects. A user-defined threshold for the ratio of concentration change can be used for filtering neighboring proteins that are perturbed. Since more realistic situations (such as a response to a shift in environmental conditions) often involve concentration changes on a cluster of proteins (Maslov and Ispolatov, 2007) , it is also important to consider combined perturbation sources. The batch mode is especially designed for networkwide scale analyses, which focus on evaluating the robustness of PINs. In this mode, by taking each protein in the PIN as a perturbation source in sequence, the robustness of the PIN with respect to concentration perturbations can be summarized. The batch mode analysis can also be used to systematically reveal the 'significant proteins', i.e. the proteins whose concentration perturbations can cause the largest propagation effects in the PIN.
In addition to the functions for exporting results supported by Cytoscape, PerturbationAnalyzer also provides interactive visualization and statistical illustration tools to give global views of perturbation propagation effects and facilitate users' detailed investigation. The color of each node in the network graph in the manual mode reflects the concentration change of the corresponding protein (Fig. 1A) , while, in the batch mode, the node color reflects the number of proteins with large concentration changes after perturbation of the protein (Fig. 1B) . The perturbed proteins can be filtered and highlighted in network graphs according to an easily adjusted threshold of concentration change ratio. The statistical histogram represented by PerturbationAnalyzer can be used to illustrate the statistics of protein concentration changes in the manual mode or the number of perturbed proteins after perturbations in the batch mode.
More detailed information about the usage of PerturbationAnalyzer is available on our web site (http://biotech.bmi.ac.cn/PerturbationAnalyzer).
CASE STUDIES
We present two case studies of the yeast PIN to demonstrate how PerturbationAnalyzer is used in the perturbation propagation analysis of PINs. The CYS formatted Cytoscape file of the integrated data including the PIN and protein abundances in yeast can be found in Supplementary Material 2.
The manual mode analysis of PerturbationAnalyzer reproduces the perturbation propagation result caused by a 2-fold increase in the abundance of SUP35 (Fig. 1A) , which has been shown in the study of Maslov and Ispolatov (2007) . The result illustrates that even a protein as far as four steps away from the perturbation source can be significantly perturbed. The CYS formatted Cytoscape file including the results of this example can be found in Supplementary Material 3.
The batch mode analysis can be used to determine the influence of proteins in the yeast network, by estimating the number of neighbors perturbed by the perturbation in their concentrations (Fig. 1B) . The result shows that concentration changes of most proteins in the yeast network only perturb a small number of their immediate and distant neighbors, despite the globally connected topology of the yeast PIN. This result indicates that the protein network of yeast is robustly designed, since the qualitative dynamic properties of biological networks to a large extent are determined by their topology. On the other hand, some proteins in the yeast network significantly change the equilibrium of a larger group of proteins through their concentration perturbations. We have reasons to believe that these proteins may play important roles in the yeast PIN.
CONCLUSIONS
PerturbationAnalyzer provides an integrated and powerful platform for probing the perturbations propagation effects of perturbations on PINs. Both the microscopic view of the cascading perturbation of proteins and the macroscopic view of network robustness can be studied in this platform. PerturbationAnalyzer will be helpful in evaluating networks robustness and identifying significant proteins or drug targets.
